In this paper, in contrast to the relay selection protocols available in the literature, we propose a partial relay selection protocol utilizing only the shadowing side information of the relays instead of their full channel side information in order to select a relay in a dual-hop relaying system through the available limited feedback channels and power budget. We then presented an exact unified performance expression combining the average bit error probability, ergodic capacity, and momentsgenerating function of the proposed partial relay selection over generalized fading channels. Referring to the unified performance expression introduced in [1], we explicitly offer a generic unified performance expression that can be easily calculated and that is applicable to a wide variety of fading scenarios. Finally, as an illustration of the mathematical formalism, some numerical and simulation results are generated for an extended generalized-K fading environment, and these numerical and simulation results are shown to be in perfect agreement.
I. INTRODUCTION
Designing a wireless communications system based on a relay technology depends considerably on which relay selection protocols are utilized. Specifically, the protocols and their various types for a relay selection in a wireless communication environment are well examined and discussed in the literature [2] - [14] . These protocols can be grouped as bestrelay selection schemes [3] , [5] - [7] , [9] , best-worse-channel selection schemes [6] , best-harmonic-mean selection schemes [3] , [6] , nearest-neighbor selection schemes [2] , [4] , reactiverelay selection [11] , and partial relay selection schemes [8] .
In all mentioned papers above, there exists a need in all relay-selection protocols to send all required channel side information (CSI) to a central entity (CE) through the feedback channels. In practical case, there are some limitations for sending all required CSI information since:
i) The number of feedback channels available in a communication system is typically limited and generally is smaller than number of relays, and this turns into a feedback channel assignment limitation, ii) The throughput requirements in the feedback channels, due to the fact that the throughput increases as the This work was supported by King Abdullah University of Science and Technology (KAUST). CSI varies very fast, significantly increases the energy consumption of the communication system, iii) The feedback channels, regardless of being wireless or wireline, have a backhaul / transmission delay, which is a serious problem causing inaccurate / outdated CSI information for the relay selection protocol at the CE. It is useful to mention that these three limitations even get worse because the available channels between the source and all the available relays can vary much faster over time as the mobility of the source increases. In this context, note that the shadowing side information (SSI) of a wireless channel varies very slowly when compared with its instantaneous CSI information. As such, we propose here a relay selection based on the SSI information which could appropriately turn into an interesting solution for wireless communications systems operating in wireless millimeter wave (60 GHz or above) frequencies. In particular, we analyze the exact ergodic capacity and bit error probability measures of the new proposed protocol over generalized fading channels. It should be mentioned that some proofs of our results have intentionally been omitted due to space limitation. As an illustration of the mathematical formalism, some numerical and simulation results are generated for an extended generalized-K (EGK) fading environment, and these numerical and simulation results are shown to be in perfect agreement.
II. PARTIAL RELAY SELECTION BASED ON SHADOWING SIDE INFORMATION
We consider an amplify-and-forward (AF) dual-hop transmission in millimeter wave (60 GHz or above) radio frequencies, between one source S and one destination D through L ≥ 1 number of relays {R 1 , R 2 , . . . , R L } as seen in Fig. 1 . Assumed that there does not exist a direct link between the source S and the destination D due to the unsatisfactory channel quality, then the transmission can be performed only via relays. In addition, appropriately assumed that the L relays are relatively close to the destination. However as mentioned before, due to the impediment of the limited number of feedback channels and the difficulties in synchronization and power control among relays, only one relay having the best conditions is selected to enable the transmission between the source and the destination. More precisely as seen in Fig. 1 , for all hops k ∈ {1, 2} and relays ∈ {1, 2, . . . , L}, {γ k, } are the composite channel coefficients defined as the product of shadowing power {S k, } and multipath fading power {G k, } such that γ k, = S k, G k, . Without loss of generality, the power of multipath fading, i.e., E[G k, ] is assumed to be unity, where E[·] is the expectation operator. Hence, the short-term and long-term average powers of the composite fading γ k, are E[γ k, ] = S k, and E[γ k, ] = E[S k, ] = Ω k, , respectively. Accordingly, for the best transmission, a relay can be picked from a set of relays by means of the CSI information composed of shadowing and multipath fading or the SSI information based upon only shadowing or only average power (AP) information.
As mentioned before, the rate of the CSI information is at least 10 times faster than that of the SSI information in millimeter wave radio frequencies, and the number of the feedback channels is limited regarding the overall power constraints. As such, we propose a partial relay selection based upon the SSI information for communications systems operating in millimeter wave radio frequencies. Explicitly, the source S broadcasts predetermined training symbols to all relays {R 1 , R 2 , . . . , R L }. Then, for all ∈ {1, 2, . . . , L}, the th relay estimates the SSI information, i.e., the shadowing coefficient S 1, with the aid of training symbols recovered from the transmission channel from the source S. Using the feedback channels as a sequel, each relay sends its SSI information to the CE which is generally assumed to be the source S. The CE selects the relay having the highest shadowing coefficient as
where M ∈ {1, 2, . . . , L} is the index of the selected relay. It is important to note that the index of the selected relay, i.e., M can be modeled as a discrete random variable (RV), whose probability mass function (PMF) can be obtained as
where δ (·) is the Dirac's delta function, and where the probability μ Pr (M = ) of that the th relay is selected can be derived as
such that L =1 μ = 1, where for s ∈ R + , both p S 1,k (s) and P S 1,k (s) denote the probability density function (PDF) and cumulative distribution function (CDF) of the shadowing information S 1,k , respectively, that the first hop is subjected to. Under the condition of that the M th relay is selected, after the source S broadcasts the information signal with a unit average power, the M th relay receives the information signal and then amplifies it with
where S 1,M max k∈{1,2,...,L} S 1,k denotes the shadowing power of the first hop conditioned on that the M th relay is selected. Furthermore, γ 1,M = S 1,M G 1,M denotes the instantaneous signal to noise ratio (SNR) of the first hop conditioned on that the M th relay is selected. Then, remembering that the index of the selected relay M is a discrete RV with the PMF given in (2), the overall instantaneous SNR γ end at the destination D can be written in terms of a hyper-distribution originated from the non-identical distributional behaviors of {γ k, } for all hops k ∈ {1, 2} and relays ∈ {1, 2, . . . , L}, that is
where γ 1, = S 1, G 1, denotes the instantaneous SNR of the first hop conditioned on that the th relay is selected, and where δ n,k is the Kronecker's delta such that δ n,k = 1 if n = k and δ n,k = 0 otherwise. It is informative to mention that the relays are quite close to the destination D, creating a relay cluster as mentioned before. In this case, it is appropriate to assume that the transmission channels from relays 
III. EXACT PERFORMANCE ANALYSIS OVER GENERALIZED FADING CHANNELS
For a certain value of the instantaneous SNR γ end , the authors offered recently in [1] a generic unified performance expression combining the ABEP and EC performance metrics, that is
where
It is informative to mention that substituting n = 1 and c = 1 into (7) results in the conditional bit error probability (BEP) P BEP (γ end ) proposed by Wojnar, that is
where a depends on the type of modulation ( 1 2 for orthogonal frequency shift keying (FSK), 1 for antipodal phase shift keying (PSK)), b depends on the type of detection ( 1 2 for coherent, 1 for non-coherent). Additionally mentioning that, for an communications channel with W Hz bandwidth, substituting a = 1, b = 1, c = W/ log(2) and n = 2 into (7), where log (·) is the natural logarithm, simplifies to the conditional normalized channel capacity P C (γ end ) in bits/s/Hz, that is
where log 2 (·) is the binary logarithm. In addition, it is useful to note that the instantaneous BEP P BEP (γ end ) given by (9) simplifies to P BEP (γ end ) = 1 2 exp (−aγ end ) for noncoherent binary modulation schemes. With this inference, the unified expression P UP (γ end ) given by (7) can also be employed to obtain the overall MGF. In particular, setting a = p with p ∈ C ∧ {p} ∈ R + , b = 1, c = 2 and n = 1 in (7), it results in the instantaneous MGF, i.e.,
which enables the utilization of (7) to obtain the PDF, CDF and moments of γ end . Using the unified performance expression P UP (γ end ) given in (7), the average unified performance (AUP) P AUP = E[P UP (γ end )] of the partial relay selection, which is based on the SSI information of the first hops available between the source S and the relays R 1 , R 2 , . . . , R L , can be given as in the following theorem.
Theorem 1 (Unified Performance). The AUP P AUP of the SSI-based partial relay selection is given by
where the auxiliary function Z n a,b (u) is defined as
where a, b, c and n are the performance parameters explained before, and where G m,n p,q [·] is the Meijer's G function [15, Eq. (8.3.22) ]. Furthermore in (12) , for all ∈ {1, 2, . . . , L}, the coefficient μ is given in (3) and it denotes the probability of that the th relay is selected. Both M 1/ γ 1, (p) = E[exp (−p/ γ 1, )] and M 2/γ 2, (p) = E[exp (−p/γ 2, )] denote the reciprocal MGFs for the first and second hops' instantaneous SNRs γ 1, and γ 2, .
Proof: The proof is omitted due to space limitation.
It is both useful and informative to notice that the exact AUP P AUP presented in Theorem 1 is straightforward to utilize depending on the exact closed-form expressions for the reciprocal MGFs M 1/ γ 1, (p) = E[exp (−p/ γ 1, )] and M 2/γ 2, (p) = E[exp (−p/γ 2, )]. However, both γ 1, and γ 2, are two composite distributions. Specifically, the instantaneous SNR γ 1, is given by γ 1, = S 1, G 1, , then on the condition that the SSI information knowledge, i.e., S 1, is available, the reciprocal MGF M 1/ γ 1, (p) can be written as
where M 1/G 1, (p) is the reciprocal MGF of the multipath fading that the th relay is exposed to. In turn as explained before, S 1, max k∈{1,2,...,L} S 1,k denotes the shadowing power of the first hop conditioned on that the th relay is selected. Its PDF p S 1, (s) is given by
Note that for all well-known fading distributions, M 1/G 1, (p) can be obtained in closed-form as referring to [16] . Therefore, as a result of that the derivative of M 1/G 1, (p) is available in the literature, the complexity on the computation of the reciprocal MGF M 1/ γ 1, (p) is simplified. As a step forward, using the Gauss-Chebyshev quadrature (GCQ) formula [17, Eq.(25.4.39) ], the reciprocal MGF M 1/ γ 1, (p) can be written as
where the coefficient η n, is given by
Furthermore in (16) and (17), the coefficients s n and w n are defined in [18, Eqs. (22) and (23)], respectively, and where the truncation index N could be sufficiently chosen for an enough accurate result. In addition, conditioned on that the th relay is selected, the instantaneous SNR of the second hop, i.e., γ 2, is given by γ 2, = S 2, G 2, . Then, the reciprocal MGF M 1/γ 2, (p) = E[exp (−p/γ 2, )], {p} ∈ R + can be obtained as
where M 1/G 2, (p) is the reciprocal MGF of the multipath fading that the th relay is exposed to. In the special case of that the relays R 2 , R 2 , . . . , R L are much closer to the destination, which create a cluster of relays, the fluctuation in the signal power from relays to the destination D is very negligible when it is compared with the average power.
In such kind of situations, Var [S 2, ] ≈ 0 for all relays ∈ {1, 2, . . . , L} as mentioned before. Therefore, the PDF of the shadowing S 2, becomes p S 2, (s) = δ(s − Ω 2, ). Finally, substituting this resultant PDF into (18) , the reciprocal MGF M 1/γ 2, (p) results into
Note that (16) , (17) , (18) and (19) can be easily obtained in closed-form. Substituting these results into (13), the exact AUP P AUP can be readily obtained.
IV. APPLICATION TO THE EXTENDED GENERALIZED-K FADING ENVIRONMENT
We consider partial relay selection based on the SSI information of the channels between the source S and the relays R 1 , R 2 , . . . , R L , as depicted in Fig. 1 , in an EGK fading environment. Referring to the partial relay selection depicted in Fig. 1 , for all hops k ∈ {1, 2} and relays ∈ {1, 2, . . . , L}, the instantaneous SNR γ k, is assumed to follow the EGK distribution whose PDF can be given in [16, Eq.(5) ] by
where m k, (0.5 ≤ m k, < ∞) and ξ k, (0 ≤ ξ k, < ∞) represent the fading figure (diversity severity / order) and the fading shaping factor, respectively, while n k, (0.5 ≤ n k, < ∞) and ζ k, (0 ≤ ζ k, < ∞) represent the shadowing severity and the shadowing shaping factor (inhomogeneity), respectively. In addition, the parameters φ k, and The maximum L-number of relays, L ∈ {1, 2, 3, 4} are considered, operating in EGK fading environment with the statistical channel parameters m k, , ξ k, , n k, , ζ k, and Ω k, for all k ∈ {1, 2} and ∈ {1, 2, . . . , L} as shown in Table I . In order to obtain the AUP P AUP of the SSI-based partial relay selection over EGK fading environment, we use Theorem 1 which requires to obtain the reciprocal MGFs M 1/ γ 1, (p) and M 1/γ 2, (p) in closed-form conditioned on that the th relay has been selected. As such, the reciprocal MGF M 1/ γ 1, (p) can be obtained as
where the coefficient η n, is given by (17) . Accordingly using using [ 
In addition, conditioned on that the th relay has been selected, the reciprocal MGF of the second hop, M 1/γ 2, (p) can be obtained as
. (23) where H m,n p,q [·] is the Fox's H function defined in [15, Eq. (8.3.1) ]. As mentioned before, the relays R 1 , R 2 , . . . , R L are, without loss of generality, assumed to be very close to the destination D, accordingly creating such a relay cluster that the transmission channels from relays to the destination D are not subjected to disruptive shadowing effect as explained before. Manifestly, as the relays R 1 , R 2 , . . . , R L get closer to the destination D, the shadowing figure n 2, approaches to infinity (n 2, → ∞). Then, the reciprocal MGF of the second hop, M 1/γ 2, (p) reduces to M 1/G 2, (p/Ω 2, ), that is
Accordingly, its derivative can be easily given by
Eventually, the AUP P AUP of the SSI-based partial relay selection over EGK fading environment can be readily obtained through substituting the set of Equations (21), (22), (24) and (25) into (12) and then performing some simple algebraic manipulations, as it is shown in (26) at the top of this page.
As mentioned in the introduction, due to the limitations that the CSI information alters faster than the SSI information in high frequencies and there are less-number of feedback channels, the overall power consumption and the latency in feedback channels become severe problems. But even more importantly, the CSI information at the central entity to select a relay will be then outdated, which of course causes performance degradation due to wrong relay selection. It is in addition useful to emphasize that the outdated CSI information at the central entity correlates with the (exact / current) CSI information. In the worst case, there is no correlation between the exact and outdated CSI information, the CSI-based partial relay selection turns obviously into the random relay selection. As an illustration of the mathematical formalism, the binary PSK (BPSK) performance comparison of the SSI-based and CSI-based relay selections are depicted in Fig. 2 . It is in this context readily seen by comparing the performance of CSI-based partial relay selection and random relay selection (outdated CSI-based relay selection) that the limitations mentioned above severely deteriorates the performance. However, the performance of the SSI-based relay selection provides much better performance since the SSI information varies more slowly than the CSI information. It may be useful at this point to illustrate the improvement also in the ergodic capacity obtained by SSI-based partial relay selection as depicted in Fig. 3 for different number of relays. γ2 ,M γ1 = S1, G1, ∀ ∈ {1, 2, . . . , L}, γ2 = S2, G2, 
